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• Ni and Co release (bioaccessibility) of
stainless steel and low-alloyed steel.
• Lower bioaccessible concentration than
bulk content for stainless steels.
• Higher bioaccessible concentration than
bulk content for low-alloyed steel.
• Metal release was highly related to surface oxide and corrosion-resistance.
• Bioaccessibility (bioelution) can reﬁne
alloy hazard classiﬁcation.
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a b s t r a c t
Hazard classiﬁcation of metal alloys is today generally based on their bulk content, an approach that seldom reﬂects the extent of metal release for a given environment. Such information can instead be achieved via
bioelution testing under simulated physiological conditions. The use of bioelution data instead of bulk contents
would hence reﬁne the current hazard classiﬁcation of alloys and enable grouping. Bioelution data have been
generated for nickel (Ni) and cobalt (Co) released from several stainless steel grades, one low-alloyed steel,
and Ni and Co metals in synthetic sweat, saliva and gastric ﬂuid, for exposure periods from 2 to 168 h. All stainless
steel grades with bulk contents of 0.11–10 wt% Ni and 0.019–0.24 wt% Co released lower amounts of Ni (up to
400-fold) and Co (up to 300-fold) than did the low-alloyed steel (bulk content: 0.034% Ni, 0.015% Co). They further showed a relative bioaccessibility of Ni and Co considerably less than 1, while the opposite was the case for
the low-alloyed steel. Surface oxide- and electrochemical corrosion investigations explained these ﬁndings in
terms of the high passivity of the stainless steels related to the Cr(III)-rich surface oxide that readily adapted to
the ﬂuid acidity and chemistry.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

⁎ Corresponding author at: The University of Western Ontario, Dept. of Chemistry,
London, Ontario, N6A 3K7, Canada.
E-mail address: yhedberg@uwo.ca (Y.S. Hedberg).

A regulation of the European Union (EU), “Registration, Evaluation,
Authorisation and Restriction of Chemicals” (REACH), ﬁrst entered
into force in 2007, aiming to protect human health and the environment
from risks posed by chemicals (including metals and alloys) [1]. Under
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contact (sweat-, tear ﬂuids) and internal implantation (lysosomal
ﬂuid) [7]. For dermal contact, a reproducible test procedure was recently elaborated for metals and alloys [23], based on a standardized
test method (EN 1811) for products [24]. The elaborated method can
be applied to different exposure conditions to generate bioaccessibility
data for a given substance of relevance for hazard identiﬁcation, classiﬁcation, or for prioritisation of materials for in-vivo testing, independent of the transport and storage history of the alloy/metal surface of
interest.
The main objective of this study was to generate bioaccessibility data
for Ni and Co released from several stainless steel grades, a low-alloyed
steel and Ni and Co metals into three synthetic biological ﬂuids (artiﬁcial sweat - dermal, artiﬁcial saliva – oral, artiﬁcial gastric ﬂuid - digestive). Generated data were correlated with ﬁndings on surface
composition and corrosion resistance under different exposure conditions, with the aim to improve and reﬁne hazard identiﬁcation and classiﬁcation of alloys.

REACH, companies such as manufacturers and importers must ensure
that substances and products placed on the market in the EU are safe,
from a health and environmental perspective. In REACH, metals are typically described as substances for which registration is required. Such
registration dossiers include, in addition to physico-chemical characteristics, information on toxicological hazards, aspects that are related to
the bioaccessibility of metals under speciﬁc exposure scenarios. Bioaccessibility is deﬁned as the amount of released and potentially available
metal species under surrogate physiological conditions [2]. Registration
dossiers are not required for alloys, such as stainless steel, as metal alloys, from a legislative perspective, are considered as mixtures of
metals. It is, hence, the hazard identiﬁcations and classiﬁcations that
are based on the intrinsic properties of individual metal constituents
that determine the classiﬁcation of an alloy, unless there is an alloy- or
alloy group-speciﬁc dossier available. The same approach is also explicitly applied within the United Nations Globally Harmonized System of
Classiﬁcation and Labelling of Chemicals (GHS) [3]. According to the
Classiﬁcation, Labelling and Packaging Regulation (CLP), nickel (Ni)
metal is classiﬁed as a skin allergen (Skin Sens.1), suspected of causing
damage to organs (STOT RE 1) and suspected of causing cancer (Carc.
2) [4]. Therefore, for example, alloys containing more than 1 wt% Ni
have to be classiﬁed for skin sensitisation under CLP [5]. Per October
1st, 2021, cobalt (Co)-containing products with a bulk content exceeding 0.1 wt% would be classiﬁed as Carc. 1B [6]. This threshold would,
hence, basically apply to most stainless steels, in which Co often is present as an impurity. Co remains in the melt during smelting of steel and
therefore cannot be removed in an economically viable way.
Stainless steel, a passive iron-based alloy containing chromium and
typically other alloying elements, is widely used in a broad range of applications related to sensitive environments, such as in food
manufacturing and in the human body. As all materials, stainless steel
is not completely inert and small quantities of metals may be released,
depending on environmental conditions [7–9]. The release of metal
ions/species can, from a health perspective, be either positive (for essential and bioavailable metal species at certain concentrations/doses),
neutral, or negative, when exceeding threshold values resulting, for example, in allergic or genotoxic effects [10–12].
Although it is known within the materials science community that
alloys often possess unique properties that are not determinable from
the intrinsic characteristics of their individual metal constituents, bioaccessibility and toxicological data for alloys are scarce. Recent studies
highlight the importance of surface properties of alloys and show that
the applied read-across from the bulk content of constituent metals of
alloys and the pure metals often is highly erroneous, especially for alloys
with signiﬁcant amounts of chromium and high corrosion resistance
[7,9,13–16]. Released levels of metals (such as Fe, Ni, Cr, Mn and Mo)
from stainless steels in given conditions are generally reported to be
lower than expected from their bulk content and mainly governed by
physico-chemical properties and passivity of surface oxides [7]. However, a recent study on the release of Co, lead (Pb), Ni, and copper
(Cu) from different copper alloys into artiﬁcial gastric and saliva solutions showed that the release was predictable from the bulk composition [17], which has been claimed to result from their lower corrosion
resistance as compared to stainless steels. The bioaccessibility of Cr
(III) and Cr(VI) from stainless steels and chromium-containing alloys
in different synthetic body ﬂuids has also been investigated [18–20].
The release of Cr(VI) from stainless steel without any applied potential
was found to be non-detectable (detection limit of 10 ng/L) in these solutions of pH 1.5–8.0 [18–22].
Bioaccessibility (bioelution) in-vitro testing [2,16] is a scientiﬁcallybased methodology to determine the extent of metal release from
metals and alloys in synthetic biological ﬂuids, with the advantage of
being simple, rapid and reproducible, and excluding the need for animal
testing. Human exposure scenarios simulated in bioaccessibility studies
include, for example, ingestion and oral routes (saliva-, gastric-, intestine ﬂuids), inhalation (lysosomal-, serum-, alveolar ﬂuids), dermal

2. Method
2.1. Materials and surface preparation
All metals and alloys were supplied by Eurofer, the European Steel
Association, Brussels, Belgium. The nominal compositions of the four
stainless steel grades (austenitic grades – 304 and 316 L, ferritic grade
– 430, and duplex grade – LDX2101), the low-alloyed steel and the
pure metals (Ni and Co), all in massive (sheet) forms, are shown in
Table 1. All selected stainless steels are relevant for both the market
and simulated exposure scenarios. Although the low-alloyed steel is
not relevant for the same exposure environments as the stainless steels,
it is a relatively common steel, for example used in construction, and
therefore representative of a carbon or low-carbon steel. The most relevant exposure route for this steel is dermal contact. For reference, data
on Ni and Co metals for the dermal exposure route are based on ﬁndings
from a previous study [23].
The materials were prepared according to a previously elaborated
method [23] to obtain uniform and comparable surface conditions for
reproducible tests and to simulate as-received surface conditions as
closely as possible. In short, the surfaces were ground (1200 SiC grit),
cleaned (ultrasonically 5 min in ethanol and acetone, respectively),
and stored in dry conditions for 24 h before being immersed for 2 h in
the test ﬂuid of interest (for passivation), followed by immersion or
electrochemical testing in a fresh test ﬂuid (c.f. Sections 2.2 and 2.6).
2.2. Bioelution testing
In vitro metal release investigations were performed in artiﬁcial
sweat (ASW, pH 6.5), artiﬁcial saliva (ASL, pH 6.75), and artiﬁcial gastric
solution (GST, pH 1.5). These synthetic body ﬂuids were selected to simulate potential human exposure routes, including skin contact (ASW)
and oral exposure via the mouth (ASL) or ingestion into the gastrointestinal tract (GST) [15,24,25]. GST, a diluted HCl solution, was less
relevant for exposure of the steels, but relevant to simulate an exposure
environment of relevance for crevice corrosion and localized corrosion,
such as small crevices in implant materials [26,27]. It can, hence, be considered a worst-case environment. Although the synthetic test ﬂuids
only simulate physiological conditions to a limited extent, such
in vitro results can, for the purpose of hazard assessment, provide information that could be relevant for a real situation. The chemical compositions of the bioﬂuids and exposure conditions are given in Table 2.
Ultrapure water (resistivity of 18.2 MΩcm, Millipore, Sweden) was
used as the solvent and all chemicals were of analytical grade. The pH
values of ASL and ASW were adjusted by the addition of 0.5 wt%
NaOH. The pH of all ﬂuids was measured using a pH meter (PHM210
Standard pH Meter, MeterLab®, Radiometer Analytical SAS, France).
ASW was freshly prepared on the day of test initiation, while ASL and
2
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Table 1
Nominal bulk composition (wt-%,) of the stainless steel and steel alloys and the pure metals based on supplier information.
Grade
Austenitic SS

304
316 L
430
LDX2101
Steel
Ni
Co

Ferritic SS
Duplex SS
Low-alloyed Steel (Reference)
Pure metals (Reference)

C

Mn

Ni

Cr

Mo

S

N

Co

Fe

0.038
0.017
0.034
0.023
0.046
N/A
N/A

1.2
1.3
0.32
4.8
0.22
N/A
N/A

9.0
10
0.11
1.6
0.034
99.995
0.018

18
17
16
21
0.017
N/A
N/A

0.36
2.0
0.015
0.28
<0.002
N/A
N/A

0.0029
0.0006
0.0016
0.0010
0.0080
N/A
N/A

0.039
0.052
0.032
0.22
N/A
N/A
N/A

0.16
0.24
0.019
0.039
0.015
<0.0001
99.9

70
68
83
71
99.6
N/A
N/A

N/A – not data available; SS – stainless steel.

between Co and Ni ions and species of the test ﬂuids (urea, lactate, sulﬁde, and phosphate). In total, ﬁve reactions including Ni2+ and three reactions including Co2+ were found. The number of found and included
solids (all of which were allowed to precipitate and dissolve) was 14,
18, 14, 18, 18, and 22 for Ni in GST, Co in GST, Ni in ASW, Co in ASW,
Ni in ASL, and Co in ASL, respectively. The following details were obtained from / displayed by the software's record of ‘Conditions, Methods
and Assumptions’: i) in no case were species or primitives ignored; ii)
damped Newton-Raphson, with the convergence criterion of either a
smaller sum of absolute equation values of 0.0 or each delta[log(unknown)] smaller than 0.0001, was the equation-solving algorithm in
all cases; and iii) all equations were successfully solved {maximum iterations of 200, maximum delta[log(unknown)] 2.0}. All input values
used for the modelling are compiled in Table 3. All included reactions,
with corresponding dissociation constants, are given in the supplemental material (Section S2.4). The metal ion input concentrations for the
predictions were based on the highest values of the measured concentrations of released Ni/Co from the stainless steels of this study. The
input pH value for each ﬂuid was based on the measured ﬁnal pH
value after exposure.

GST were kept in the refrigerator (4 °C) for at most 1 day prior to the immersion tests.
Experimental details are given in [23] and in Table 2. The longest immersion period (168 h) is not relevant for any real exposure, but chosen
to enable comparison with existing metal release/dissolution data and
the EN1811 standard in ASW [24].
2.3. Metal release measurements
Total amounts of released Ni and Co from each speciﬁc material and
synthetic ﬂuid were analyzed by means of atomic absorption spectroscopy (Perkin Elmer AAnalyst 800) either in the graphite furnace mode
(GF-AAS, for concentrations lower than 0.3 mg/L), or in the ﬂame
mode (ﬂame-AAS, for concentrations higher than 0.2 mg/L). If the sample concentration was outside the calibration range, it was re-analyzed
in a different mode.
The results are presented in the units μg/cm2, that is, the released
amount of Ni or Co per surface area of the test coupon, Eq. (1):


 μg 
csample μgL −cblank μg
∗V ðLÞ
L
¼
ð1Þ
Released amount
cm2
Aðcm2 Þ

2.5. Surface analysis

where V is the exposure volume, A is the geometrical surface area of the
test coupon, csample is the measured sample concentration of Ni or Co in
solution, and cblank is the measured corresponding blank (background)
concentration in solution. For each test condition, the released amounts
from the triplicate samples with the corresponding blank value
subtracted were averaged and their standard deviation was determined
(shown as error bars in the ﬁgures). Further measurement details are
given in the supplementary material.

Changes in oxidized metal composition of the outermost surface
oxide (approx. 5–10 nm) of the stainless steel grades (304, 316 L, 430
and LDX2101) and the low-alloyed steel on surfaces unexposed and exposed (168 h) to the three synthetic ﬂuids were evaluated by means of
X-ray photoelectron spectroscopy (XPS, UltraDLD spectrometer, Kratos
Analytical) using a monochromatic Al X-ray source (150 W) on areas
approximately sized 700 × 300 μm2. Wide and detailed scans (pass energy: 20 eV) of the main elements, Cr 2p, Mn 2p, Ni 2p, Fe 2p and O 1 s,
were acquired and corrected to the C 1 s contamination peak (285.0 eV).
Since no Mn was observed for any of the stainless steels, the overlap between the Ni-LMM Auger and Mn 2p peaks was not considered. The
background was subtracted using linear baselines. Deconvolution of
peaks was based on their metallic and oxidic peak positions (peak positions given in Section 3.1.).

2.4. Joint expert speciation modelling
Chemical speciation modelling in the three synthetic body ﬂuids was
conducted with the Joint Expert Speciation System (JESS, version 8.7)
[28]. The JESS database was ﬁrstly inspected for available reactions

Table 2
Experimental conditions: chemical compositions of the synthetic body ﬂuids (g/L),
agitation, exposure temperature and immersion periods.
Conditions
Chemical composition (g/L)

Agitation
Exposure temperature
Immersion periods

ASL pH 6.75
NaCl
KCl
(NH2)2CO
NaH2PO4·2H2O
Na2S·9H2O
CH3CHOHCO2H
25% HCl

ASW pH 6.5

Table 3
Input settings for JESS modelling in three different ﬂuids. ASW: 30 °C, pH 5–7, and pe 5
(Eh = 308 mV); ASL: 37 °C, pH 6.75, and pe 5; GST: 37 °C, pH 1.5, and pe 5. The solvent
was water (H2O), and the metal input concentrations were 100 μg/L for Ni (Ni2+) and
10 μg/L for Co (Co2+), based on the highest measured released concentrations of Ni and
Co from the stainless steel coupons in each ﬂuid. Calculations were performed at the calculated equilibrium ionic strength and at 1.013 bar in all cases.

GST pH 1.5

0.4
5.0
–
1.21
–
–
1.0
1.0
–
0.78
–
–
0.005
–
–
–
1.0
–
–
–
4.0
Bi-linear shaking
(12° inclination, 22 cycles/min)
37 °C
30 °C
37 °C
316 L - 2, 4, 8, 24, 168 h
Other materials - 4, 168 h

Species (JESS input base species) Species
Na + 1
Cl-1
K+1
Urea
Lactic-1
PO4–3
H + 1(2)S-2
3

Na+
Cl−
K+
(NH2)2CO
CH3CHOHCO−
2
PO3−
4
H2S

ASW (M) ASL (M)

GST (M)

0.086
0.086
–
0.017
0.011
–
–

–
0.027
–
–
–
–
–

0.012514
0.0228
0.016
0.017
–
0.0057
6.94E-06
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independent data statistically. A p-value of less than 0.05 was counted
as a statistically signiﬁcant difference.

2.6. Electrochemical measurements
Differences in corrosion resistance of the stainless steel grades
(304, 316 L, 430 and LDX2101) and the low-alloyed steel in the same
ﬂuids as for the metal release studies were determined by means of
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) performed using a PARSTAT MC Multichannel Potentiostat
(Princeton Applied Research) equipped with the VersaStudio software.
Measurements were performed using a three-electrode electrochemical
cell with the alloys/metals as the working electrode, an Ag/AgCl saturated KCl reference electrode, and a platinum mesh as a counter electrode. Prior to the measurements, all coupons were prepared as
described in Section 2.1.
The polarization measurements were carried out in the most acidic
ﬂuid GST (pH 1.5) for all alloys, and additionally in all three ﬂuids for
the stainless steel grade 316 L. After the open circuit potential (OCP) stabilized for 1 h, the potential was swept from −0.2 V to 1 V vs. OCP at a
scan rate of 1 mV/s. After the measurements, the coupons were rinsed
with ultrapure water, dried with nitrogen gas, and placed in a desiccator
at room temperature, prior to their surface observation by means of
light optical microscopy (LOM, Leica DM2700 M) and scanning electron
microscopy (SEM, tabletop TM-1000 Hitachi microscope).
The corrosion potential (Ecorr) and corrosion current (Icorr), together
with cathodic (βc) and anodic (βa) Tafel constants, were obtained by
Tafel ﬁtting of the polarization curve using the VersaStudio software.
The corrosion current density (icorr) was calculated from Icorr normalized to the exposed surface area (0.79 cm2). Rp, the polarization resistance, was calculated from Eq. (2).
Rp ¼

βc ∗βa
2:3∗ðβc þ βa Þ∗icorr

3. Results and discussion
3.1. Environment-induced change in surface oxides
Fig. 1 shows that the surface oxide of all stainless steels, investigated
by means of XPS, was composed of Fe(II)/Fe(III) (709.3 ± 0.6 eV,
711.0 ± 0.5 eV, 713.4 ± 0.6 eV) and Cr(III) (576.5 ± 0.3 eV, 578.0 ±
0.3 eV) oxides [29]. Only oxidized Fe (708.7 ± 0.4 eV, 710.8 ± 0.2 eV,
713.3 ± 0.3 eV, possibly attributed to FeO), but no Cr oxides, were observed on the surface of the low-alloyed (0.017 wt% Cr) steel. No Ni oxides were identiﬁed in the outermost surface layer of any of the
investigated alloys. For 316 L and 304, Ni was only observed in its metallic form (Ni 2p: 852.9 ± 0.1 eV), which is related to its presence beneath
the surface oxide [30,31]. Oxidized Cr was observed in its trivalent form,
providing good corrosion resistance to the stainless steels [32]. A large
increase (3–4-fold, p < 0.05) of the oxidized Cr content after 168 h of exposure compared with the oxidized Cr content under unexposed conditions was evident in GST (pH 1.5) for all stainless steel grades, while
there were only slight changes after exposure to ASW (p > 0.05), and
a reduced Cr content after exposure to ASL (p < 0.05 for 316 L and
LDX2101, p > 0.05 for 304 and 430). These results are further discussed
below. The enrichment of Cr within the outermost surface at acidic conditions is in line with previous ﬁndings [33].
The thickness of the surface oxide of stainless steels increased after
exposure to ASL (p < 0.001), as judged semi-quantitatively from the increasing relative mass ratio of oxidized to non-oxidized metal peaks,
Table S1 (supplemental material). No statistically signiﬁcant changes
in this ratio were found for the other two solutions as compared to unexposed conditions for the stainless steels.

ð2Þ

EIS was performed in GST at OCP, after 1 h stabilization, by applying
an alternating current (AC) voltage with an amplitude of 10 mVrms and
sweeping the frequencies from 10,000 Hz to 0.01 Hz. Details on the
analysis of the data, based on average data from 4 to 5 measurements,
are given in Section S1.2 in the supplemental material.

3.2. Corrosion resistance
Potentiodynamic polarization curves of stainless steel grade 316 L in
all ﬂuids are presented in Fig. 2a and for all alloys (stainless and lowalloyed steel) in the most acidic solution (GST) in Fig. 2b, together
with their corresponding post-polarization LOM images. Corresponding
corrosion parameters (corrosion potential, corrosion current density,
polarization resistance, and pitting potential) of each alloy evaluated
from the polarization curves are summarized in Table 4.
The corrosion potential, Ecorr, decreased for 316 L according to
ASW > ASL > GST (p < 0.05 when comparing ASW with ASL and
GST), Table 4, but no clear trend was observed for the polarization

2.7. Relative bioaccessibility and bioaccessible concentrations
The relative bioaccessibility (the released amount of Ni or Co normalized to the bulk alloy content compared to the released amounts
of Ni or Co from Ni or Co metal) was calculated from Eq. (3),
Relative bioaccessibilityNi or Co

 μg 
 Bulkmetal ðwt%Þ
Released amount alloy
¼
cm2
μg 
 Bulkalloy ðwt%Þ
Released amount metal
cm2

ð3Þ

where the released amountalloy/metal is the amount of Ni or Co released per surface area from the alloy (stainless steels or low-alloyed
steel) or the metal, and the bulkalloy/metal is the bulk content of Ni or Co.
The bioaccessible concentration, based on a relative comparison of
the released amount per surface area from the alloy with the released
amount from the metal, was calculated using Eq. (4).
Bioaccessible
concentration 
ðwt:%

Þ
μg
Released amount alloy cm2
  ∗100 wt:%
¼
μg
Released amount metal cm
2

ð4Þ

Fig. 1. Relative mass content (wt%) of oxidized metals (Fe and Cr) in the outermost surface
oxide of the stainless steels (304, 316 L, 430, and LDX2101) and the low-allowed steel
measured by means of XPS, prior to (unexposed – Un) and after exposure to ASL
(pH 6.75), ASW (pH 6.5) and GST (pH 1.5) for one week. Average values of duplicate
independent coupons (each measured twice at different surface locations) with
standard deviations given in Table S1 (supplemental material).

2.8. Statistical evaluation
Kaleidagraph (Synergy, v. 4.0) was used to calculate a student's
t-test (unpaired data, unequal variance) to compare two sets of
4
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Fig. 2. Representative current density – potential curves of (a) stainless steel grade 316 L exposed to ASL (pH 6.75), ASW (pH 6.5) and GST (pH 1.5); (b) 316 L, 430, 304, LDX2101, and lowalloyed steel exposed to GST. Information on measurement variability can be found in Table 4. Corresponding post-polarization LOM images are included, and the arrows highlight the
presence of pits. Detailed SEM images of pits are shown in Fig. S3 (supplemental material).

more discernible pits after polarization, Fig. 2 and Fig. S3 (supplemental
material), with signiﬁcantly lower Ecorr (p < 0.05) and slightly higher
icorr on grade 430 than on 304. This is in line with the EIS results,
Fig. S4 and Table S2, with the lowest charge transfer resistance (113
kΩ cm2) for 430 in GST as compared to 220–424 kΩ cm2 for the other
stainless steel grades. The low-alloyed steel corroded actively and was
almost fully covered by corrosion products after the potentiodynamic
scan, with a lower Ecorr (p < 0.01), a lower Rp (up to 330,000-fold),
and a higher icorr (up to 580,000-fold) than observed for the stainless
steel grades. The low-alloyed steel also showed a signiﬁcantly lower
charge transfer resistance in GST (0.070 kΩ cm2) than did the stainless
steels (113–424 kΩ cm2), Fig. S4 and Table S2.

resistance (Rp), corrosion current density (icorr), or the pitting potential
(EPP), under similar conditions. Very few pits were observed on any of
the triplicate 316 L coupons in ASW (Fig. 2 and Fig. S3, supplemental
material). In both ASL and GST, one of two 316 L coupons showed evident pit formation all over the surface after the potentiodynamic polarization observed in both LOM and SEM images (Figs. S2-S3,
supplemental material), while the other coupon only showed a few
pits. Exposure of 316 L to ASL seemed to result in more severe corrosion
than exposure to ASW, as judged from differences observed in the LOM
and SEM images and from slight differences in corrosion current density
(p > 0.05). This could possibly be related to the high sulﬁde content of
ASL [34]. The sulﬁde content of ASL may furthermore explain the reduced amount of Cr observed by means of XPS within the outermost
surface oxide of all stainless steels exposed to ASL. These observations
agree with previous ﬁndings on 316 L [34]. GST (diluted HCl) was
clearly shown to be the most corrosive solution to the alloys. Diluted
HCl is known to interact with the passive surface oxide on stainless
steel, partially by reductive dissolution [26,35]. No statistically signiﬁcant differences in polarization characteristics (Ecorr, icorr, Rp, and EPP)
were observed between the four different stainless steel grades in
GST, Fig. 2b and Table 4. However, grades 430 and 304 immersed in
GST were more susceptible to pitting corrosion, showing larger and

3.3. Ni and Co release from alloys and pure metals in synthetic biological
ﬂuids
3.3.1. JESS modelling
Table 5 shows the results of thermodynamic chemical speciation
modelling. The modelling predicted Ni and Co to be totally dissolved
(aqueous species) in GST (pH 1.5). Since ASW has a relatively low buffer
capacity, its pH changed during exposure of different materials, and varied between 5 and 7 after exposure. JESS predicted Ni to be soluble over

Table 4
Corrosion potential (Ecorr), corrosion current density (icorr), corrosion resistance (Rp) and pitting potential (EPP) of 316 L (in ASL, ASW and GST), and 304, 430, LDX2101 and low-alloyed
steel (all in GST). At least two independent coupons for each grade (mean values and standard deviations are shown).
Grade

Solution

Ecorr (mV)

icorr(μA/cm2)

Rp(kΩ*cm2)

EPP (mV)

316 L

ASL
ASW
GST

−147 ± 13
−53.0 ± 10
−196 ± 20
−128 ± 16
−265 ± 18
−119 ± 5.0
−545 ± 13

0.00660 ± 0.0076
0.000743 ± 0.0010
0.0198 ± 0.027
0.000975 ± 0.00088
0.061 ± 0.033
0.0151 ± 0.021
567 ± 168

2350 ± 2000
71,000 ± 60,000
6000 ± 7900
33,100 ± 42,000
413 ± 220
37,500 ± 52,000
0.116 ± 0.035

534 ± 140
595 ± 140
436 ± 50
368 ± 11
281 ± 45
483 ± 16
Activea

304
430
LDX2101
Low alloyed steel
a

Active corrosion throughout the anodic polarization range.
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Table 5
Predominant species (≥1% predominance) as calculated by JESS for two metal ions (Ni and Co) and the three synthetic ﬂuids (for input values see Table 3).
Conditions
ASW

ASL
GST

pH
pH
pH
pH
pH
pH
pH

5
5.5
6
6.5
7
6.75
1.5

Ni (100 μg/L)

Co (10 μg/L)

88% Ni2+ (aq), 11% Ni-Cl+ (aq), 1% NiCl2 (aq)
88% Ni2+ (aq), 11% Ni-Cl+ (aq), 1% NiCl2 (aq)
88% Ni2+ (aq), 11% Ni-Cl+ (aq), 1% NiCl2 (aq)
87% Ni2+ (aq), 11% Ni-Cl+ (aq), 1% NiCl2 (aq), 1% Ni-Lactic+ (aq)
82% Ni2+ (aq), 10% Ni-Cl+ (aq), 6% Ni-Lactic+ (aq), 1% NiCl2 (aq)
100% γ-NiS (s)
94% Ni2+ (aq), 5% Ni-Cl+ (aq)

87% Co2+ (aq), 13% Co-Cl+ (aq)
87% Co2+ (aq), 13% Co-Cl+ (aq)
87% Co2+ (aq), 13% Co-Cl+ (aq)
86% Co2+ (aq), 13% Co-Cl+ (aq), 1% Co-Lactic+(aq)
91% Co3O4 (s), 7% Co2+ (aq), 1% Co-Cl+ (aq), 1% Co-Lactic+(aq)
100% β-CoS (s)
93% Co2+ (aq), 7% Co-Cl+ (aq)

aq – aqueous (dissolved), s – solid (precipitation possible), lactic – lactate ion (valency: -I).

steel grades (304, 316 L, 430 and LDX2101) released very low amounts
(up to 80,000-fold lower after 4 h, and up to 300,000-fold lower after
168 h) of Ni into all ﬂuids. Despite a higher Ni bulk content, the stainless
steels released similar amounts of Ni compared with the low-alloyed
steel after 4 h and lower amounts (up to 400-fold, p > 0.05) after
168 h, which is explained by the less protective surface oxide (Fig. 1)
and lower corrosion resistance (Fig. 2b) of the low-alloyed steel after
immersion into the synthetic ﬂuids. The ferritic (430) and duplex
(LDX2101) grades released very low amounts of Ni (<0.01 μg Ni/cm2/
week) into all ﬂuids, probably related to their low bulk Ni content,
and also high corrosion resistance for LDX2101, in agreement with previous ﬁndings for the duplex grade LDX2205 [37].

this entire pH range. Co solubility was however predicted to decrease
rapidly with increasing pH in ASW, from 100% dissolved at pH 5 to 9%
dissolved at pH 7, Table 5. Neither Ni nor Co were predicted to be soluble
in ASL (pH 6.75), as they form solid NiS or CoS, Table 5.
3.3.2. Ni release
Fig. 3 shows the amount of released Ni per unit surface area (Fig. 3a)
and corresponding release rates (amount per unit surface area and
hour) (Fig. 3b) for grade 316 L exposed to the different synthetic body
ﬂuids for 2, 4, 8, 24 and 168 h (independent coupons for each ﬂuid
and period). The release of Ni was highly pH/ﬂuid- and timedependent, Fig. 3a. In agreement with the corrosion resistance measurements, the release of Ni increased with increasing acidity of the test
ﬂuids (Fig. 2a). All release rates strongly decreased with increasing exposure time. The highest amount of Ni was released in the most acidic
ﬂuid, GST (pH 1.5), for all exposure periods (reaching 0.074 ±
0.0026 μg/cm2 after 168 h of exposure). No evident increase in Ni release was observed after 8 h in GST, but a substantial increase was observed after 24 h, possibly indicative of a less passive surface oxide.
The amount of released Ni was seemingly reduced with exposure time
after 2 h in ASL (pH 6.75), ﬁndings consistent with chemical speciation
modelling results (Table 5) that predicted Ni to form solid NiS in ALS (no
free or labile ions). In ASW, the release rates of Ni ﬁrst increased up to
8 h before declining up to 168 h (Fig. 3b). Such a release behaviour
has previously been associated with a delayed complexation-induced
metal release mechanism [36]. Ni ion complexation in the ASW ﬂuid
was supported by the speciation modelling results, which predicted
the formation of Ni-lactate and Ni-Cl complexes, Table 5.
When comparing the released amounts of metals from the different
grades and metals after 4 and 168 h, we see that the rates were, in most
cases, greater after 168 h than at 4 h, but not proportionally greater, as
expected from the longer time period (42-fold longer), Fig. 4. This
means that, in all cases, some extent of surface passivation, mass transport limitation, or solution saturation effects took place with time,
which reduced the release rate. Compared to Ni metal, the stainless

3.3.3. Co release
Fig. 5 shows the released amount of Co (Fig. 5a) and corresponding
release rates (Fig. 5b) for grade 316 L in the different synthetic ﬂuids.
Co was released to a lower extent than Ni (Fig. 3), primarily due to its
substantially lower bulk content (0.24 wt% Co, 10 wt% Ni). The highest
released amount of Co was observed in the most acidic ﬂuid (GST),
followed by ASW. Chemical speciation modelling predicted released
Co to precipitate in both ASL (as solid CoS) and ASW (as solid Co3O4),
Table 5. This could explain the very low levels of Co in solution observed
in ASL and the reduced (not statistically signiﬁcant) amounts of released
Co after 168 h compared with 24 h in ASW, Fig. 5. The formation of Colactate and Co\\Cl complexes predicted to take place in ASW, Table 5,
could possibly explain the initial increased amounts of released Co in
ASW up to 24 h, related to a delayed complexation-induced release
process.
Compared with the release of Co from Co metal, the release of Co
was substantially lower (up to 1,600,000-fold, p < 0.01 in GST,
p < 0.05 in ASW, and p > 0.05 in ASL) from all stainless steel grades,
while differences between the stainless steel grades were small
(Fig. 6). The low-alloyed steel, which contains only 0.015 wt% Co, released more Co (up to 300-fold) into all ﬂuids than did the stainless
steels with bulk contents of 0.019–0.24 wt% Co. Almost negligible

Fig. 3. Released amounts of Ni per unit surface area (μg/cm2) (a) and corresponding release rates (μg/cm2/h) (b) for stainless steel 316 L exposed to ASL (pH 6.75), ASW (pH 6.5) and GST
(pH 1.5) for 2, 4, 8, 24 and 168 h (1 week). The error bars represent the standard deviation of triplicate coupons. The inset graph in (b) magniﬁes the initial (ﬁrst 8 h) release rates of Ni from
316 L in ASL and ASW.
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Fig. 4. Released amount of Ni per unit surface area (μg/cm2) from different stainless steels (austenitic– 304 and 316 L, ferritic – 430, and duplex– LDX2101) immersed in ASL (pH 6.75),
ASW (pH 6.5) and GST (pH 1.5) for 4 h (a) and 168 h (b). Data on the low-alloyed steel and Ni metal are included for comparison. Note the different scales on the ordinate axis in a) and b).
The error bars represent the standard deviation of triplicate coupons. < denotes below limit of detection.

amounts of released Co were observed for LDX2101 in all ﬂuids after
long-term exposure (168 h), ﬁndings consistent with its release pattern
of Ni and corrosion resistance performance in GST (Fig. 2b, Table 4,
Fig. S4 and Table S2).

the low-alloyed steel, the calculated bioaccessible concentration
(0.030–1.1 wt% Ni) was similar to or greater than the corresponding
bulk content (0.034 wt% Ni).

3.4. Relative bioaccessibility

3.4.2. Relative bioaccessibility and bioaccessible concentration of Co
The relative bioaccessibility and the bioaccessible concentrations of
Co released from all alloys in all ﬂuids after 4 and 168 h of exposure
are presented in Fig. 8 and Table S4, respectively. Consistent with Ni
ﬁndings, there is a distinct positive alloying effect on Co in stainless
steels (a relative bioaccessibility less than 1 for released Co, ranging
from 0.00098 to 0.71) and a negative alloying effect for the lowalloyed steel (a relative bioaccessibility exceeding 1, ranging from 1.1
to 59). This means less release of Co (2–1000-fold) from the stainless
steels than what would be expected from their respective bulk alloy
contents. Due to time-dependent precipitation of released Co in solution, primarily in ASL, Table 5, the relative bioaccessibility increased
for most grades, due to a more signiﬁcant (10-fold, p < 0.001) reduction
of released Co in solution from Co metal with time (4 h - 10 μg/cm2;
168 h - 1 μg/cm2). The faster precipitation of Co from ASL solution for
the high-releasing Co metal than for the alloys is a result of the high solution concentration of Co, an increased solution pH due to the on-going
corrosion reactions, and the thermodynamic instability of aqueous Co in
ASL (c.f. Section 3.3.1.). Less Co than expected from the bulk alloy content (0.019–0.24 wt% Co) was released from the stainless steels, and
their bioaccessibile concentrations of Co were determined to vary between 0.000061 and 0.11 wt%. The bioaccessible concentration of released Co from the low-alloyed steel (0.017–0.88 wt% Co) exceeded its
bulk content (0.015 wt% Co) for all conditions.

3.4.1. Relative bioaccessibility and bioaccessible concentration of Ni
Fig. 7 shows the relative bioaccessibility [calculated from Eq. (3)] of
released Ni from the alloys after 4 and 168 h exposure in the different ﬂuids. Results of Ni metal are included for comparison and
equal 1 per deﬁnition. A relative bioaccessibility of 1 means that Ni
in the alloy behaves similar to Ni metal from a metal release perspective. All stainless steel grades showed a relative bioaccessibility of Ni
substantially less than 1 (ranging from 0.00033 to 0.039, that is, 25to 3000-fold lower than expected from the bulk content) in all ﬂuids.
This means that they release much less Ni than would be expected
from their bulk Ni content in the synthetic body ﬂuids investigated.
This is probably a result of their high corrosion resistance compared
to that of Ni metal. The relative bioaccessibility of Ni for the lowalloyed steel was, in contrast, substantially higher than or equal to
(up to 32-fold higher than expected from the bulk content) that of
the Ni metal, which is expected for materials of lower corrosion resistance than Ni metal.
From the calculated bioaccessible concentrations [from Eq. (4)] of
Ni, compiled in Table S3 (supplemental material), it is evident that
all stainless steels in this study behave like alloys containing
0.00034–0.3 wt% Ni rather than 0.11–10 wt% Ni as being their bulk
content, i.e. a considerable positive alloying effect. In the case of

Fig. 5. Released amounts of Co per unit surface area (μg/cm2) (a) and corresponding release rates (μg/cm2/h) (b) for stainless steel 316 L exposed to ASL, ASW and GST for 2, 4, 8, 24 and
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Fig. 6. Released amount of Co per unit surface area (μg/cm2) from different stainless steels (austenitic– 304 and 316 L, ferritic – 430, and duplex– LDX2101) immersed in ASL (pH 6.75),
ASW (pH 6.5) and GST (pH 1.5) for 4 h (a) and 168 h (b), respectively. Data on the low-alloyed steel and Co metal are included for comparison. The error bars represent the standard
deviation of triplicate coupons, and < denotes below limit of detection.

on Ni release data from bioelution testing. However, both Co and Ni
classiﬁcation for other human exposure routes and applications are, so
far, based on the bulk alloy content.
In this study, all alloys released very low amounts of Ni into ASW,
less than 0.2 μg Ni/cm2/week, a restriction limit set for items to be
inserted into pierced body parts [38]. According to recent literature
[39], skin doses eliciting contact dermatitis in 10% of Co-allergic individuals (ED10) and in 50% of Co-allergic individuals (ED50) were reported
in the ranges of 0.066–1.95 μg/cm2 and 1.45–17 μg/cm2, respectively.
Although these limits are derived from fully soluble metal salts (not
the metal) applied for 48 h to the skin and normalized to the exposed
skin area (not surface area of the metal), they can, to some extent, be
compared with ﬁndings of this study. All alloys in this study released
less than 0.015 μg Co/cm2 in ASW for all time points up to one week,
which is substantially lower than the lowest reported ED10.
The maximum allowed concentration of Ni in drinking water is
70 μg/L [40], while at most 140 μg Ni/L food is stipulated for protection
of Ni-sensitised individuals [41]. It should be acknowledged that any direct comparison of concentrations can be misleading as they are highly
surface area to solution volume dependent. The surface area to solution
volume ratio of this study was approximately 1 cm2/mL, which is a high
ratio considering relevant food contact [42] and resulted, hence, in relatively high concentrations. Despite this high ratio, all alloys investigated
in this study released signiﬁcantly less Ni in the simulated oral route ASL (highest concentrations released from grade 304 (3.47 μg/L) compared with 25.2 μg/L from the low-alloyed steel). In GST (ingestion),
the highest concentration of Ni released from the stainless steels was
observed for grade 316 L (78.4 μg/L) compared with 214.5 μg Ni/L for
the low-alloyed steel.
The corresponding limit of Co in drinking water is 20 μg/L [40]. In
this study, the amount of Co release from stainless steels per unit volume was at most 4 μg/L in ASL and GST, while the Co release from the
low-alloyed steel was higher (12.9 μg/L in ASL and 174 μg/L in GST).
These comparisons elucidate that prevailing surface and corrosion
properties of the alloys govern the release of bioaccessible metals, effects that are not possible to predict from the bulk alloy composition.
These aspects are already reﬂected in their wide use in applications,
but not yet implemented in chemical legislation.

Fig. 7. Relative bioaccessibility of Ni (logarithmic scale) determined for all alloys exposed
to ASL, ASW and GST for 4 and 168 h. The relative bioaccessibility of Ni metal equals 1 per
deﬁnition, Eq. (3), which is marked as a dotted line. <LOD means below limit of detection.

3.5. Implications on hazard assessment of alloys
The relative bioaccessibility determined for Ni and Co in this study
differed greatly among the investigated alloys, being substantially
lower than 1 for the stainless steels and mostly higher than 1 for the
low-alloyed steel. These ﬁndings are related to differences in the surface
characteristics and corrosion resistance of the alloys. Stainless steels
have a higher Ni and Co bulk content than the low-alloyed steel, but
show lower bioaccessibility of both Ni and Co. The low-alloyed steel of
low corrosion resistance released more Ni and Co than expected from
its bulk content. Observed ﬁndings suggest that the bioaccessible concentration, rather than the bulk metal content, should be used for hazard assessment of alloys.
A positive example of considering chemical and material properties
in hazard assessment is the Nickel Directive [38], which stipulates a restriction limit of Ni for items intended to come into skin contact, based

4. Conclusions
• Only small changes in the oxidized Cr(III) to Fe(II/III) mass ratio of the
outermost surface oxide were observed for any of the stainless steel
grades (austenitic – AISI 304, 316 L; ferritic – AISI 430; duplex –
LDX2101) after exposure to ASW and ASL. Exposure to the most acidic
ﬂuid, GST, resulted in a strongly increased Cr surface content. The surface oxide of the low-alloyed steel contained only Fe-oxides without
any evident compositional changes upon ﬂuid exposure.

Fig. 8. Relative bioaccessibility of Co (logarithmic scale) determined for all alloys exposed
into ASL, ASW and GST for 4 and 168 h. The relative bioaccessibility of the Co metal equals
1 per deﬁnition, Eq. (3), which is marked as a dotted line. <LOD means below limit of
detection.
8

X. Wang, J.J. Noël, I. Odnevall Wallinder et al.

Materials and Design 198 (2021) 109393

• A higher corrosion resistance was observed on all stainless steels than
on the low-alloyed steel upon exposure to GST.
• The stainless steel grade 316 L showed Ni and Co release rates that
strongly decreased with time in all solutions, especially in GST.
• All stainless steel grades released very low amounts of Ni into all solutions (up to 400-fold lower after 168 h than the low-alloyed steel),
and also substantially lower amounts of Ni (up to 300,000-fold after
168 h) than Ni metal. The extent of Ni release increased with the acidity of the test ﬂuids. In contrast with the release pattern of the lowalloyed steel, the release of Ni from all stainless steels was 25 to
3000-fold lower than expected based on its bulk contents. The stainless steels behaved like alloys containing 0.00034–0.3 wt% Ni rather
than 0.11–10 wt% Ni as in their actual bulk content, elucidating a positive alloying effect. As a result of the low corrosion resistance of the
low-alloyed steel (negative alloying effect), it behaved like an alloy
containing 0.030–1.1 wt% Ni, i.e., ﬁndings similar to or greater than
its bulk content (0.034 wt% Ni).
• The amount of released Co increased with the acidity of the synthetic
bioﬂuid. The bioaccessible concentrations of Co (0.000061–0.11 wt%)
were lower for the stainless steels than their bulk contents
(0.019–0.24 wt% Co). The bioaccessible concentration of the lowalloyed steel (0.017–0.88 wt% Co) exceeded its bulk content
(0.015 wt% Co) for all exposure conditions.
• The duplex stainless steel, LDX2101, released, for most exposure conditions and ﬂuids, the lowest amounts of both Ni and Co, ﬁndings in
agreement with the highest corrosion resistance among the investigated stainless steel grades.
• Bioaccessibility data rather than relative bulk alloy contents should be
used to reﬁne current hazard assessments and classiﬁcations of alloys
within regulations in order to more realistically assess the behaviour
of alloys under certain exposure conditions, and thereby elucidate
both positive and negative alloying effects.

[3] United Nations, Globally Harmonized System of Classiﬁcation and Labelling of
Chemicals (GHS), United Nations Publications, New York and Geneva, 2011.
[4] European Commission, Harmonised classiﬁcation - Annex VI of Regulation (EC) No
1272/2008 (CLP Regulation), https://echa.europa.eu/information-on-chemicals/clinventory-database/-/discli/details/133816 (accessed 27 September 2020).
[5] A. Karjalainen, Mixtures Classiﬁcation – Practical Application, https://echa.europa.
eu/documents/10162/22840112/05_mixtures_examples_en.pdf/83d5e354-a9e74811-9e02-311228e2d91b November 2014 (accessed 27 September 2020).
[6] ECHA, Comments and Response to Comments on CLH: Proposal and Justiﬁcation,
https://echa.europa.eu/documents/10162/39a20032-2e9b-d383-7050e052d38a5e14 2017 (accessed 27 September 2020).
[7] Y.S. Hedberg, I. Odnevall Wallinder, Metal release from stainless steel in biological
environments: a review, Biointerphases 11 (1) (2016) 018901-1 - 018901-17.
[8] D.D. Quadras, U.K. Nayak, N.S. Kumari, H. Priyadarshini, S. Gowda, B. Fernandes, In
vivo study on the release of nickel, chromium, and zinc in saliva and serum from patients treated with ﬁxed orthodontic appliances, J. Dent. Res. 16 (4) (2019)
209–215.
[9] N. Mazinanian, G. Herting, I. Odnevall Wallinder, Y. Hedberg, Metal release and corrosion resistance of different stainless steel grades in simulated food contact, Corrosion 72 (6) (2016) 775–790.
[10] E. Fernández-Miñano, C. Ortiz, A. Vicente, J.L. Calvo, A.J. Ortiz, Metallic ion content
and damage to the DNA in oral mucosa cells of children with ﬁxed orthodontic appliances, BioMetals 24 (5) (2011) 935–941.
[11] K. Midander, Deposition of metals on the skin and quantiﬁcation of skin exposure,
in: J. Chen, J.P. Thyssen (Eds.), Metal Allergy: From Dermatitis to Implant and Device
Failure, Springer, Cham, Switzerland 2018, pp. 57–66.
[12] G.F. Nordberg, B.A. Fowler, M. Nordberg, Handbook on the Toxicology of Metals,
fourth ed. Academic Press, 2014.
[13] T. Santonen, H. Stockmann-Juvala, A. Zitting, Review on Toxicity of Stainless Steel,
Finish Institute of Occupational Health, Helsinki, 2010.
[14] Y.S. Hedberg, G. Herting, S. Latvala, K. Elihn, H.L. Karlsson, I. Odnevall Wallinder, Surface passivity largely governs the bioaccessibility of nickel-based powder particles at
human exposure conditions, Regul. Toxicol. Pharmacol. 81 (2016) 162–170.
[15] W.E. Hillwalker, K.A. Anderson, Bioaccessibility of metals in alloys: evaluation of
three surrogate bioﬂuids, Environ. Pollut. 185 (2014) 52–58.
[16] K.E. Heim, R. Danzeisen, V. Verougstraete, F. Gaidou, T. Brouwers, A.R. Oller, Bioaccessibility of nickel and cobalt in synthetic gastric and lung ﬂuids and its potential
use in alloy classiﬁcation, Regul. Toxicol. Pharmacol. 110 (2020) 104549.
[17] K. Delbeke, S. Baken, L.P. Simbor, P.H. Eodrigues, T. Brouwers, V. Verougstraete, S.
Binks, A. Oller, R. Danzeisen, M. Gilles, Copper alloys’ metal migration and bioaccessibility in saliva and gastric ﬂuid, Regul. Toxicol. Pharmacol. 117 (2020) 104754.
[18] K. Midander, A. de Frutos, Y. Hedberg, G. Darrie, I. Odnevall Wallinder, Bioaccessibility studies of ferro-chromium alloy particles for a simulated inhalation scenario: a
comparative study with the pure metals and stainless steel, Integr. Environ. Assess.
Manag. 6 (2010) 441–455.
[19] Y. Hedberg, K. Midander, I. Odnevall Wallinder, Particles, sweat, and tears: a comparative study on bioaccessibility of ferrochromium alloy and stainless steel particles, the pure metals and their metal oxides, in simulated skin and eye contact,
Integr. Environ. Assess. Manag. 6 (2010) 456–468.
[20] Y. Hedberg, J. Gustafsson, H.L. Karlsson, L. Möller, I. Odnevall Wallinder, Bioaccessibility, bioavailability and toxicity of commercially relevant iron- and chromiumbased particles: in vitro studies with an inhalation perspective, Part. Fibre Toxicol.
7 (2010) 23.
[21] Y. Hedberg, I. Odnevall Wallinder, Transformation/dissolution studies on the release
of iron and chromium from particles of alloys compared with their pure metals and
selected metal oxides, Mater. Corros. 63 (2012) 481–491.
[22] Y. Hedberg, I. Odnevall Wallinder, Metal release and speciation of released chromium from a biomedical CoCrMo alloy into simulated physiologically relevant solutions, J. Biomed. Mater. Res. B 102 (2014) 693–699.
[23] X. Wang, G. Herting, Z. Wei, I. Odnevall Wallinder, Y. Hedberg, Bioaccessibility of
nickel and cobalt in powders and massive forms of stainless steel, nickel-or
cobalt-based alloys, and nickel and cobalt metals in artiﬁcial sweat, Regul. Toxicol.
Pharmacol. 106 (2019) 15–26.
[24] CEN, European Committee for Standardization, Reference Test Method for Release of
Nickel From All Post Assemblies Which are Inserted Into Pierced Parts of the Human
Body and Articles Intended to Come Into Direct and Prolonged Contact With the
Skin, EN 1811:2011+A1:2015, 2015.
[25] R.G. Henderson, D. Cappellini, S.K. Seilkop, H.K. Bates, A.R. Oller, Oral bioaccessibility
testing and read-across hazard assessment of nickel compounds, Regul. Toxicol.
Pharmacol. 63 (1) (2012) 20–28.
[26] Y. Li, R. Hu, J. Wang, Y. Huang, C.-J. Lin, Corrosion initiation of stainless steel in HCl
solution studied using electrochemical noise and in-situ atomic force microscope,
Electrochim. Acta 54 (27) (2009) 7134–7140.
[27] J.L. Gilbert, J.J. Jacobs, The mechanical and electrochemical processes associated with
taper fretting crevice corrosion: a review, Modularity of Orthopedic Implants, ASTM
International, 1997.
[28] P.M. May, D. Rowland, Thermodynamic modeling of aqueous electrolyte systems:
current status, J. Chem. Eng. Data 62 (9) (2017) 2481–2495.
[29] M.C. Biesinger, B.P. Payne, A.P. Grosvenor, L.W. Lau, A.R. Gerson, R.S.C. Smart, Resolving surface chemical states in XPS analysis of ﬁrst row transition metals, oxides and
hydroxides: Cr, Mn, Fe, Co and Ni, Appl. Surf. Sci. 257 (7) (2011) 2717–2730.
[30] G. Herting, I. Odnevall Wallinder, C. Leygraf, A comparison of release rates of Cr, Ni,
and Fe from stainless steel alloys and the pure metals exposed to simulated rain
events, J. Electrochem. Soc. 152 (1) (2005) B23–B29.
[31] P. Marcus, Corrosion Mechanisms in Theory and Practice, CRC Press, 2011.

Funding
This work was supported by the Chinese Scholarship Council, Beijing, China, and Team Stainless, Brussels, Belgium.
Data availability
The raw/processed data required to reproduce these ﬁndings cannot
be shared at this time due to legal or ethical reasons.

Declaration of Competing Interest
None.
Acknowledgement
Peter May, Murdoch University, Australia, is highly acknowledged
for discussions.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.109393.
References
[1] EC, REACH in Brief, European Commission, October 2007 https://ec.europa.eu/environment/chemicals/reach/pdf/publications/2007_02_reach_in_brief.pdf (accessed
27 September 2020).
[2] N. Lombaert, C. Mackie, V. Verougstraete, T. Brouwers, F. Van Assche, A. Oller, Use of
bioelution as a screening tool for characterisation of substances, Am. J. Anal. Chem. 9
(03) (2018) 134–149.
9

X. Wang, J.J. Noël, I. Odnevall Wallinder et al.

Materials and Design 198 (2021) 109393

[32] C.O. Olsson, D. Landolt, Passive ﬁlms on stainless steels - chemistry, structure and
growth, Electrochim. Acta 48 (2003) 1093–1104.
[33] S. Haupt, H.-H. Strehblow, A combined surface analytical and electrochemical study
of the formation of passive layers on FeCr alloys in 0.5 M H2SO4, Corros. Sci. 37 (1)
(1995) 43–54.
[34] H.H. Ge, G.D. Zhou, W.Q. Wu, Passivation model of 316 stainless steel in simulated
cooling water and the effect of sulﬁde on the passive ﬁlm, Appl. Surf. Sci. 211
(1–4) (2003) 321–334.
[35] K. Sugimoto, Corrosion protection function and breakdown mechanism of passive
ﬁlms on stainless steels, Characterization of Corrosion Products on Steel Surfaces,
Springer 2006, pp. 1–17.
[36] Y. Hedberg, K. Midander, Size matters: mechanism of metal release from 316L stainless steel particles is governed by size-dependent properties of the surface oxide,
Mater. Lett. 122 (2014) 223–226.
[37] M. Lundin, Y. Hedberg, T. Jiang, G. Herting, X. Wang, E. Thormann, E. Blomberg, I.
Odnevall Wallinder, Adsorption and protein-induced metal release from chromium
metal and stainless steel, J. Colloid Interface Sci. 366 (1) (2012) 155–164.

[38] Regulation (EC) No. 1907/2006 of the European Parliament and of the Council. Off. J.
Eur. UnionL396, 2007 L136/33–L36/280.
[39] A. Julander, Metal allergy: cobalt, in: J. Chen, J.P. Thyssen (Eds.), Metal Allergy: From
Dermatitis to Implant and Device Failure, Springer, Cham, Switzerland 2018,
pp. 365–372.
[40] World Health Organization, Guidelines for Drinking-Water Quality, http://www.
who.int/water_sanitation_health/publications/drinking-water-quality-guidelines4-including-1st-addendum/en/ 2017 (accessed 27 September 2020).
[41] S. Keitel, Metals and Alloys Used in Food Contact Materials and Articles, a Practical
Guide for Manufacturers and Regulators, Council of Europe, ISBN: 978-92-8717703-2 European Directorate for the Quality of Medicines & Health Care, Strasbourg,
France, 2013.
[42] N. Mazinanian, I. Odnevall Wallinder, Y. Hedberg, Comparison of the inﬂuence of
citric acid and acetic acid as simulant for acidic food on the release of alloy constituents from stainless steel AISI 201, J. Food Eng. 145 (2015) 51–63.

10

